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Core@shell  catalysts  supported  on  carbon  with  Ag  core  and  Pt  shell  were  synthesized  by  a  chemical 
process.  EDX  spectra  confirmed  the  formation  of  Ag@Pt  core— shell  catalysts.  High  resolution  trans¬ 
mission  electron  microscopy  (HRTEM)  revealed  that  the  Pt-shell  was  epitaxially  matched  to  the  Ag  core. 
Electrochemical  tests  on  proton  exchange  membrane  (PEM)  fuel  cells  made  with  Ag@Pt  core— shell 
catalysts  as  cathode  exhibited  comparable  performance  to  cells  made  using  commercial  Pt-Co-based 
catalysts  as  cathodes.  Theoretical  work  suggested  that  Ag@Pt  catalysts  should  be  more  stable  in  the 
PEMFC  applications  compared  to  monolithic  Pt  catalysts  because  Pt  shell  in  Ag@Pt  catalysts  exhibits 
lower  chemical  potential  of  Pt  than  in  monolithic  Pt  catalysts,  thus  reducing  tendency  for  dissolution  and 
Ostwald  ripening.  Lower  chemical  potential  of  Pt  in  the  shell  is  attributed  to  larger  lattice  parameter  of 
Ag  compared  to  Pt,  which  puts  the  Pt  shell  in  biaxial  tension  or  reduced  biaxial  compression  as  compared 
to  monolithic  Pt  catalysts.  Preliminary  out-of-cell  tests  show  Ag@Pt  catalysts  to  be  stable  in  an  envi¬ 
ronment  containing  ionic  platinum. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

It  is  well  known  that  greater  catalyst  degradation  occurs  at  the 
cathode  of  a  PEMFC  than  at  the  anode  even  though  both  anode  and 
cathode  may  substantially  be  of  the  same  composition  and  struc¬ 
ture  [1-10].  Higher  oxygen  chemical  potential  at  the  cathode  is  one 
of  the  reasons  for  this  higher  degradation  rate,  which  results  in 
dissolution  of  Pt.  The  three  well  known  modes  of  Pt  dissolution  and 
degradation  are:  (a)  Ostwald  ripening  [4  ,  (b)  Agglomeration/sin¬ 
tering,  and  (c)  Dissolution  at  the  cathode,  transport  into  the 
membrane,  and  precipitation  into  the  membrane  [6].  Catalyst 
degradation  by  growth  occurs  by  a  coupled  process  involving  par¬ 
allel  transport  of  Pt2+  ions  through  the  aqueous  medium/ionomer 
and  of  electrons  through  the  carbon  support  [11  .  All  those  factors 
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which  increase  the  chemical  potential  of  Pt,  /rPt,  increase  the  ten¬ 
dency  for  its  dissolution,  and  thus  increase  the  propensity  for 
degradation.  One  of  the  approaches  to  suppressing  catalyst 
degradation  is  to  alloy  Pt  with  other  non-noble  metals.  An  example 
is  Pt-Co  alloys,  in  which  the  chemical  potential  of  Pt  is  lowered 
through  alloy  formation  and/or  intermetallic  compound/alloy  for¬ 
mation.  This  approach  also  lowers  the  net  Pt  loading,  thus  poten¬ 
tially  lowering  cost.  Another  approach  to  lowering  the  Pt  loading  is 
to  form  core  shell  catalysts  in  which  the  core  consists  of  a  non¬ 
noble  metal  or  an  alloy  of  a  non-noble  metal  (e.g.  Cu  or  Co)  with 
Pt,  and  a  thin  shell  of  Pt  formed  over  the  core. 

Considerable  work  has  been  reported  on  the  synthesis  of  core¬ 
shell  catalysts  and  their  catalytic  activity  [12-16  .  Some  experi¬ 
mental  work  has  also  been  reported  on  their  stability,  primarily  by 
conducting  cyclic  voltammetry.  Typical  cyclic  voltammetry  tests  for 
durability,  although  conducted  for  thousands  of  cycles,  only 
correspond  to  a  few  hours  and  thus  do  not  represent  effects  of  long 
term  exposure  experienced  in  actual  PEMFC  cells  and  stacks.  Also, 
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little  by  way  of  fundamental  basis  that  determines  their  stability  in 
a  fuel  cell  environment  has  been  reported.  A  convenient  approach 
involves  examining  the  thermodynamics  and  the  kinetics  of  Pt 
dissolution.  The  process  of  catalyst  particle  growth  can  be 
described  as  involving  the  dissolution  of  smaller  particles  and  the 
growth  of  larger  particles.  Thus  transport  occurs  from  a  particle  of 
radius  r\  to  a  particle  of  r2  (where  r2  >  r\ )  and  the  corresponding 
thermodynamic  driving  force  for  catalyst  growth  is  given  by 

Mpt(ri)  —  Mpt(r2)  (1) 

All  those  factors  which  increase  the  driving  force, 
Mpt(ri)  -  Mpt(r2),  increase  the  degradation  rate;  and  all  those  factors 
which  decrease  Mpt(ri)  -  Mpt(r2)>  lower  the  degradation  rate.  The 
chemical  potential  of  Pt  also  determines  the  Pt-ion  concentration  in 
the  liquid/ionomer,  which  directly  affects  the  kinetics  of  transport 
and  thus  degradation.  Alloy  catalysts  thus  may  be  expected  to 
exhibit  greater  stability  since  the  chemical  potential  of  Pt  in  an  alloy 
is  lower  than  in  pure  Pt.  However,  other  factors  may  often  dictate 
their  stability;  for  instance,  selective  etching  (dissolution)  of  the 
non-noble  metal  may  change  the  composition  and  thus  change  the 
thermodynamics.  Such  a  process  may  also  lead  to  in-situ  formation 
of  core-shell  catalysts,  which  has  been  documented  in  several 
recent  studies.  Another  important  factor  that  is  expected  to  affect 
the  chemical  potential  is  the  presence  of  mechanical  stress.  For  a 
material  under  a  hydrostatic  pressure,  p,  the  chemical  potential  is 
given  by  Ref.  17] 

fi  =  fi(Q)  +  pVm  (2) 

where  p( 0)  is  the  chemical  potential  under  zero  (negligible)  pres¬ 
sure  and  Vm  is  the  partial  molar  volume.  In  core-shell  catalysts,  the 
lattice  parameters  of  the  shell  (e.g.  Pt)  and  the  core  in  general  are 
different.  In  some  instances,  core-shell  catalysts  with  core  and 
shell  exhibiting  different  crystal  structures  have  been  explored.  The 
present  discussion  is  restricted  to  materials  in  which  both  the  core 
and  the  shell  have  the  same  crystal  structure,  namely  f.c.c.  Thus,  the 
possible  elemental  materials  as  candidates  for  the  core  are  Ag,  Au, 
Cu,  Ni,  Pd,  etc.  and  their  alloys.  When  both  core  and  shell  have  the 
same  crystal  structure,  epitaxial  matching  of  the  lattice  planes  is 
possible.  Since  the  lattice  parameters  of  the  core  and  the  shell  are 
different,  a  state  of  stress  is  developed  in  both  the  shell  and  the 
core.  If  the  lattice  parameter  of  the  core,  aCOre ,  is  smaller  than  that  of 
Pt,  aPt,  the  Pt  shell  is  in  a  state  of  biaxial  compression,  resulting  in  a 
positive  pressure  in  the  shell  (p  >  0)  as  compared  to  a  monolithic  Pt 
catalyst  of  the  same  size.  In  such  a  case,  the  chemical  potential  of  Pt 
in  the  shell  is  greater  than  that  in  a  corresponding  monolithic 
(pure)  Pt  catalyst  of  the  same  size.  This  should  increase  the  ten¬ 
dency  for  catalyst  degradation.  We  know  that  aCu,  aNi,  are  smaller 
than  aPt.  So  it  is  the  prediction  that  core-shell  catalysts  with  Cu  or 
Ni  as  the  core  will  degrade  faster  than  monolithic  Pt  catalysts  of  the 
same  size.  We  also  know  that  aAg  and  aAu  are  larger  than  aPt.  Thus, 
core-shell  catalysts  with  Ag  or  Au  as  the  core  and  Pt  as  the  shell 
should  create  a  biaxial  tension  (or  reduced  compression)  in  the  Pt 
shell  thus  resulting  in  a  negative  pressure  (or  reduced  positive 
pressure)  in  the  shell  (p  <  0).  In  such  a  case,  the  chemical  potential 
of  Pt  in  the  shell  will  be  lower  than  that  corresponding  to  a 
monolithic  Pt  catalyst  of  the  same  size.  Such  core-shell  catalysts 
should  thus  be  more  resistant  to  degradation.  In  terms  of  the  state 
of  stress,  the  difference  in  chemical  potentials  of  Pt  between  a 
monolithic  Pt  catalyst  and  a  core-shell  catalyst  of  the  same  size  is 
given  by  Ref.  18,19] 

AMPt(r)  =  ~(^jvm  (3) 


where  aee  is  the  circumferential  stress  created  in  the  shell  due  to 
lattice  parameter  mismatch  (a00  >  0  for  tensile).  Fig.  1  shows  a 
schematic  of  the  state  of  stress  in  such  a  core-shell  catalyst.  The 
expected  improvement  in  stability  can  be  described  in  terms  of 
electric  potential,  d</>,  given  by 

A0  =  =  (§)Vm  (4) 

In  the  case  of  Ag-core/Pt-shell  catalyst,  the  expected  improve¬ 
ment  in  stability  is  ~190  mV,  both  based  on  thermodynamic  cal¬ 
culations  and  the  density  functional  theory  (DFT)  calculations 

[18,20]. 

In  the  present  manuscript,  we  describe  the  synthesis  and  pre¬ 
liminary  characterization  of  Ag-core/Pt-shell  catalysts  for  PEMFC. 
The  approach  consisted  of  using  commercial  Ag-catalyst  supported 
on  high  surface  area  carbon.  The  surface  and  the  near  surface 
layers  are  replaced  by  Pt  via  a  displacement  reaction  by  simply 
immersing  the  supported  Ag  catalyst  in  a  Pt-salt  solution.  Since  Pt 
is  more  noble  than  Ag,  the  following  displacement  reaction  is 
expected 

Pt2+  +  2Ag  -►  Pt  +  2Ag+  (5) 

That  is,  two  surface  Ag  atoms  are  dissolved  for  one  Pt  deposited. 
The  preceding  assumes  that  Pt  ions  participating  in  the  reaction  are 
divalent.  Fig.  2  shows  a  schematic  of  the  displacement  reaction.  A 
similar  approach  was  used  to  synthesize  Pt-Co-core/Pt-shell 
catalyst  starting  with  commercial  Pt-Co  catalyst  supported  on 
carbon  (E-TEK  C14-20/C-1).  In  the  case  of  Pt-Co  alloy  catalysts, 
when  placed  in  a  Pt-ion  solution,  the  expected  displacement  re¬ 
action  is  given  by 

Pt2+  +  Co  (Pt-Co  alloy)  Pt  (shell  formation)  +  Co2+  (6) 

Catalyst  characterization  was  conducted  by  transmission 
electron  microscopy  (TEM).  Membrane  Electrode  Assemblies 
(MEAs)  were  made  with  Pt-salt  treated  and  untreated  cata¬ 
lysts  and  their  performance  was  evaluated.  Preliminary  sta¬ 
bility  tests  were  conducted  ex-situ  by  placing  the  synthesized 
core-shell  catalysts  in  a  Pt-salt  containing  electrolyte 
solution. 

2.  Experimental  procedure 

Silver  nanocatalysts  supported  on  carbon  were  purchased  from 
BASF  Fuel  Cell,  Inc.  (Somerset,  NJ).  This  commercial  nanocatalyst 
(Cat.  No.  C8-20)  has  an  average  particle  size  of  ~5  nm.  The  silver 
catalyst  was  mixed  with  a  dilute  aqueous  solution  of  PtCU 
(0.1  g  L_1)  without  any  other  chemical  agents.  The  atomic  ratio  of 
platinum  to  silver  in  the  slurry  mixture  was  approximately  1:19. 
The  low  ratio  of  Pt/Ag  was  intended  to  create  a  thin  layer  (ideally 
monolayer)  of  Pt-shell  over  the  silver  nano  particles.  The  mixture 
was  placed  in  an  ultrasonic  bath  at  room  temperature.  The  time  of 
mixing  in  an  ultrasonic  bath  was  varied  from  5  to  570  min.  After  the 
mixing,  the  slurry  was  filtered  and  washed  with  deionized  water. 
Then  it  was  dried  at  50-60  °C.  Also,  the  displacement  reaction  was 
conducted  at  two  temperatures,  20  °C  and  60  °C.  PtCU  was  used 
instead  of  PtCl2  because  of  its  higher  solubility.  However,  the 
anticipated  displacement  reaction  still  involves  Pt2+  since  a  small 
concentration  of  Pt2+  exists  in  the  solution,  especially  once  Pt  is 
formed  due  to  the  local  reaction  Pt  +  PtCU  2PtCl2  [18  .  The 
samples  were  characterized  by  transmission  electron  microscopy 
(TEM).  Micro-chemical  analysis  was  performed  by  EDX.  In  addition, 
X-ray  photoelectron  spectroscopy  (XPS)  spectra  were  obtained 
from  the  core  and  the  shell  regions. 
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Fig.  1.  (a)  A  schematic  of  a  core-shell  catalyst,  (b)  A  free  body  diagram  showing  the  stress  distribution  in  the  shell  and  the  core.  The  shell  is  either  under  a  biaxial  tension  or  under  a 
reduced  biaxial  compression  if  the  core  is  Ag  and  the  shell  is  Pt. 


MEAs  were  fabricated  using  Nation  115  membranes  and  tested 
to  determine  their  performance  using  the  following  procedure. 
Membrane  electrode  assemblies  (MEAs)  were  fabricated  using 
commercial  (Fuel  Cell  Store,  CO)  gas  diffusion  solid  polymer  elec¬ 
trolyte  electrode  (GDE)  with  double  sided  coatings  (ELAT  GDE  HT 
140E-W).  The  anode  specifications  were  as  follows:  Pt  loading 
5  g  m-2  with  30%  Pt  on  Vulcan  XC-72  as  the  catalyst.  Four  different 
cathodes  were  used:  (a)  Commercial  Pt-Co  catalyst  supported  on 
carbon  (E-TEK  C14-20/C-1).  (b)  Commercial  Ag  catalysts  supported 
on  carbon  (E-TEK  C8-20).  (c)  Commercial  Ag  catalysts  supported  on 
carbon  treated  in  a  PtCl4  +  dimethyl  sulfoxide  (DMSO)  solution,  (d) 
Commercial  Pt-Co  catalysts  supported  on  carbon  treated  in  a 
PtCl4  +  DMSO  solution.  MEAs  were  prepared  by  pressing  the 
electrodes  on  the  membrane  in  a  Carver  hot  press  at  90  °C  under  a 
pressure  of  ~7  MPa  for  5  min.  All  MEAs  were  fabricated  using 
commercial  Nation  115  membranes. 

2.2.  Fuel  cell  testing 

Teflon  gas-sealing  gaskets  were  used  to  clamp  and  secure  the 
MEAs  into  a  commercial  (Fuel  Cell  Technologies,  Inc.)  5  cm2  fuel  cell 
test  stand.  The  load  used  was  Decade  Resistor  (PPM,  Inc.,  OH)  and 
the  corresponding  voltage  and  current  data  were  obtained  using 
Keithley  Instruments  digital  multimeter  (Model  2000).  The  cell  was 
fed  with  humidified  H2  and  O2.  Required  humidification  was  ach¬ 
ieved  by  bubbling  H2  and  O2  gases  through  conical  flasks  immersed 
in  a  temperature  controlled  water  bath.  Both  the  fuel  (H2  +  H2O) 
and  the  oxidant  (O2  +  H2O)  pressures  were  maintained  slightly 
above  1  atm.  The  MEAs  in  all  tests  were  maintained  at  80  °C.  Before 
obtaining  polarization  data,  the  cell  was  equilibrated  at  a  cell 


voltage  of  about  0.4  V  for  3-4  h  with  humidified  H2  (purity  99.99%) 
on  the  anode  and  humidified  O2  (purity  99.9%)  on  the  cathode  until 
a  steady  current  was  achieved.  The  polarization  curves  were  swept 
from  top  to  down,  with  current  density  being  measured  from  zero 
(at  OCV)  to  the  highest  measured.  The  data  points  were  collected 
manually  using  a  load  box  with  a  residence  time  of  about  5  min  at 
each  current  density. 

The  main  objective  of  fuel  cell  testing  was  to  compare  the  per¬ 
formance  of  similarly  made  MEAs  using  commercial  Pt-Co  cata¬ 
lysts,  Ag-catalysts,  and  synthesized  Ag-core/Pt-shell  catalysts. 
Experiments  were  also  conducted  on  commercial  Pt-Co  (E-TEK) 
catalysts  supported  on  carbon  treated  in  a  PtCl4  solution.  As  given 
in  Eq.  (6),  the  expectation  was  that  the  displacement  reaction  will 
occur  such  that  some  of  the  cobalt  from  Pt-Co  will  be  replaced  by 
Pt  thus  forming  a  core-shell  catalyst  with  Pt-Co  as  the  core  and  Pt 
as  the  shell.  Some  of  the  as-synthesized  Ag-core/Pt-shell  catalysts 
were  immersed  in  a  PtCl4  solution  in  water  containing  0.1  g  L'1  and 
maintained  at  a  temperature  between  50  °C  and  60  °C  for  10  days. 
The  objective  was  to  determine  the  possible  growth  of  catalysts 
particles. 

3.  Results  and  discussion 

Fig.  3  shows  a  high  resolution  transmission  electron  micrograph 
(HRTEM)  of  the  as-synthesized  Ag-core/Pt-shell  catalyst  particle. 
The  lattice  image  of  the  catalyst  particle  shows  that  the  lattice 
planes  are  contiguous  between  the  core  and  a  possible  shell.  Fig.  4 
shows  XPS  spectra  obtained  from  the  core-shell  catalyst  and  from 
a  standard  Pt  reference.  A  small  amount  of  dry  catalyst  powder 
sample  was  loaded  and  placed  inside  the  XPS  chamber.  After 


Fig.  2.  A  schematic  of  the  displacement  reaction  used  for  forming  Ag-core/Pt-shell  catalysts. 
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Fig.  3.  HRTEM  images  of  the  as-synthesized  Ag-core/Pt-shell  catalysts.  Both  micrographs  are  of  the  same  region.  The  micrograph  on  the  left  shows  the  contiguous  lattice  planes 
from  the  inner  core  through  the  outer  shell  indicating  good  epitaxial  matching.  The  right  micrograph  shows  the  approximate  delineation  of  the  shell  from  the  core. 


reaching  a  base  pressure  of  1CT9  torr,  analysis  was  carried  out  by 
scanning  from  1200  eV  to  0  eV.  The  copper  (sample  holder)  peak 
observed  at  962  eV  was  not  included  in  the  spectrum.  Note  that  the 
peaks  corresponding  to  binding  energies  of  74.6  eV  and  71.3  eV 
observed  in  the  standard  Pt  reference  are  also  observed  in  the  XPS 
spectra  obtained  from  the  core-shell  catalyst.  This  shows  that  part 
of  the  Ag  was  replaced  by  Pt  by  the  displacement  reaction. 

The  XPS  spectra  in  Fig.  4  show  that  a  layer  of  Pt  was  formed. 
However,  these  spectra  cannot  unequivocally  confirm  the  forma¬ 
tion  of  a  core-shell  structure.  In  order  to  determine  if  indeed  a 
core-shell  structure  is  formed,  micro-chemical  analysis  was  per¬ 
formed  on  the  synthesized  catalysts.  The  EDX  spectra  in  Fig.  5  show 
that  the  Ag  peak  is  larger  from  the  center  of  the  particle  than  from 
the  shell  area.  This  confirms  the  formation  of  a  core-shell  catalyst. 

Fig.  6  shows  the  results  of  MEA  testing.  In  all  tests,  the  anode 
was  30%  Pt-supported  on  carbon  from  E-TEK.  Fig.  6(a)  compares  the 
performance  of  two  MEAs;  one  made  with  commercial  Pt-Co/C 
catalyst  as  the  cathode  and  the  other  made  with  commercial  Ag /C 
as  the  cathode.  As  seen  in  the  figure,  the  performance  of  the  MEA 
with  Pt-Co/C  catalyst  is  superior.  It  is  interesting  to  note,  however, 
that  reasonable  performance  was  also  measured  with  Ag/C  as  the 
cathode.  These  were  short  term  tests  and  thus  long  term  stability  of 


MEA  with  Ag/C  as  the  cathode  is  not  known.  It  is  expected  that  the 
Ag/C  catalysts  will  likely  degrade.  Fig.  6(b)  compares  the  perfor¬ 
mance  of  MEAs  made  using:  (i)  As-synthesized  Ag-core/Pt-shell 
catalysts  (60  min  at  20  °C),  (ii)  As-synthesized  Ag-core/Pt-shell 
catalysts  (60  min  at  60  °C),  and  (iii)  As-synthesized  Pt-Co-core/Pt- 
shell  catalysts  (60  min  at  20  °C).  As  seen  in  the  figure,  the  perfor¬ 
mance  of  all  three  MEAs  is  virtually  identical.  This  suggests  that  the 
catalytic  activity  of  all  three  cathode  catalysts,  which  are  core/shell 
catalysts  (but  with  different  core  in  one  of  them),  exhibit  nearly 
identical  behavior.  Since  no  measurements  of  catalyst  surface  areas 
were  made,  possible  differences  related  to  different  areas  are  not 
addressed  here. 

The  performance  of  all  MEAs  tested  in  the  present  work  is 
somewhat  lower  than  performance  levels  observed  in  typical  PEM 
tests.  However,  it  should  be  noted  that  the  typical  particle  size  of 
the  Ag-catalyst  was  ~  5  nm  or  even  slightly  greater.  By  contrast, 
catalyst  particle  size  in  most  commercial,  monolithic  Pt-catalyst 
supported  on  high  surface  area  carbon  is  on  the  order  of  2  nm 
[21].  That  is  the  typical  catalyst  surface  area  of  the  state-of-the-art 
Pt  catalyst  is  over  two  and  half  times  larger.  The  observed  lower 
open  circuit  voltage  and  lower  performance  in  the  present  work  is 
thus  believed  to  be  due  to  the  cathode  catalyst  particle  being  much 


(a)  Ag-core/Pt-shell  catalyst  (b)  Reference 


Fig.  4.  (a)  XPS  spectra  obtained  on  Ag-core/Pt-shell  catalysts  synthesized  by  the  displacement  reaction,  (b)  XPS  spectra  from  a  platinum  reference.  Both  representative  peaks  are 
observed  in  the  core/shell  catalysts. 
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Fig.  5.  (a)  ATEM  dark  field  image  of  the  synthesized  Ag-core/Pt-shell  catalyst.  Chemical  analysis  was  performed  in  the  center  and  near  the  periphery  of  the  particle,  (b)  EDX  spectra 
obtained  from  the  shell  area  showing  a  large  Pt  peak  and  a  small  Ag  peak,  (c)  EDX  spectra  obtained  from  the  core  area.  The  Ag  peak  in  (c)  is  larger  than  in  (b). 


larger  than  the  state-of-the-art  Pt  catalyst.  No  transmission  elec¬ 
tron  microcopy  was  done  on  the  Pt-Co  (E-TEK  C14-20/C-1)  cata¬ 
lysts.  The  relatively  low  performance  observed  with  the  Pt-Co 
catalyst  is  thus  may  also  likely  be  due  to  non-optimum  catalyst  size. 
In  fact,  experimental  work  on  Pt  alloy  catalysts  from  the  same 
vendor  (E-TEK)  has  shown  that  the  Pt-alloy  particles  are  larger  in 
size  than  monolithic  Pt  catalysts  [22].  Preliminary  results  never¬ 
theless  show  that  core-shell  catalysts  with  Ag  as  the  core  yield 
results  comparable  to  catalysts  with  Pt-alloy  as  the  core.  Also  note 
that  the  performance  of  MEAs  with  core/shell  catalysts  (Fig.  6(b))  is 
slightly  superior  to  the  performance  of  MEA  made  with  the  as- 
received  Pt-Co  alloy  catalysts. 

Fig.  7  compares  the  performance  of  MEAs  with  Ag-core/Pt-shell 
catalysts  made  with  different  displacement  reaction  times  ranging 
between  0  min  (as-received,  so  no  Pt  shell)  and  360  min.  Note  that 
the  highest  performance  was  measured  with  the  catalyst  that  was 


treated  for  360  min.  It  is  likely  that  the  corresponding  Pt-shell  was 
the  thickest  and/or  the  longer  treatment  time  resulted  in  a  more 
complete  Pt  coverage.  It  is  expected  that  beyond  some  treatment 
time,  no  further  improvement  will  occur  as  a  saturation  level  rea¬ 
ches.  In  fact,  it  was  observed  that  the  performance  of  cells  made 
with  catalyst  treated  for  570  min  was  slightly  lower  than  catalyst 
treated  for  360  min.  Also,  the  present  approach  should  naturally 
restrict  the  shell  thickness  to  a  few  atomic  layers,  beyond  which  the 
reaction  will  shut  down  due  to  sluggish  solid  state  diffusion 
through  the  shell  at  such  low  temperatures.  Fig.  7  also  shows  that 
the  open  circuit  voltage  for  the  MEA  with  the  as-received  Ag/C 
catalyst  was  ~0.65  V  but  that  for  the  MEA  made  with  catalyst 
treated  in  PtCU  solution  for  360  min  was  ~  0.82  V.  This  too  suggests 
that  the  initial  drop  in  voltage  observed  is  primarily  associated  with 
cathode  polarization  and  that  the  generally  lower  performance 
observed  in  the  present  work  is  attributed  to  the  relatively  large 
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Fig.  6.  (a)  Voltage  vs.  current  density  traces  obtained  on  MEAs  made  using  the  as-received  Ag/C  catalyst  and  the  as-received  Pt-Co/C  catalyst.  The  results  show  that  the  MEA 
performance  with  PtCo  catalyst  is  superior,  (b)  Voltage  vs.  current  density  traces  obtained  with  MEAs  made  using  Ag-core/Pt-shell  catalysts  synthesized  at  20  °C  and  60  °C  for 
60  min,  and  using  Pt-Co-core/Pt-shell  catalyst  synthesized  at  20  °C  for  60  min. 
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Fig.  7.  Performance  of  MEAs  made  with  Ag-core/Pt-shell  catalysts  made  with  different 
displacement  reaction  times  during  the  synthesis. 

particle  size  ( ~  5  nm)  of  the  Ag/C  catalyst  compared  to  state-of-the- 
art  Pt/C  catalyst  (which  is  typically  ~2  nm). 

Catalyst  durability  is  typically  studied  by  conducting  accelerated 
testing  by  cyclic  voltammetry.  For  example,  Ohashi  et  al.  [23] 
investigated  catalyst  stability  of  Pt-Pd  catalysts  by  cyclic  voltam¬ 
metry  by  conducting  30,000  cycles  between  0.6  V  and  1.0  V  at  a  rate 
of  100  mV  s-1.  This  corresponds  to  a  total  test  time  of  only  67  h. 
Also,  the  Pt2+  ion  concentration  varies  over  a  range  between  the 
two  voltages.  For  example,  according  to  Darling  and  Meyers  [24], 
the  Pt2+  ion  concentration  varies  between  ~  10-7  M  and  ~  10~4  M 
between  0.4  V  and  1.2  V.  Thus,  in  such  cyclic  tests,  the  actual  time 


the  electrode  is  exposed  to  high  Pt2+  ion  concentration  is  consid¬ 
erably  lower  than  the  total  test  duration  (much  lower  than  the  total 
time  of  67  h  of  cylic  voltammetry  in  the  work  of  Ohashi  et  al.  23]). 
In  the  present  work,  durability  studies  were  instead  conducted  in  a 
static  environment  containing  a  fixed  concentration  of  platinum 
ions  for  a  much  longer  time.  Fig.  8  shows  TEM  images  of  the  as- 
synthesized  Ag-core/Pt-shell  catalysts  and  after  10  days  (240  h)  in 
0.1  g  L'1  PtCU  solution  in  water  (the  same  concentration  as  used  for 
forming  Ag@Pt  catalysts  by  the  displacement  reaction).  Preliminary 
results  show  that  no  detectable  growth  occurred.  Longer  term  ex¬ 
periments  with  measurements  of  particle  size  and  size  distribu¬ 
tions  will  be  necessary  to  determine  how  significant  is  the 
improvement  in  catalyst  durability.  Also,  similar  experiments  need 
to  be  conducted  on  monolithic  Pt-catalysts  supported  on  carbon. 
Nevertheless,  the  present  studies  in  which  catalyst  particles  were 
tested  for  240  h  in  PtCU  appear  to  be  of  at  least  comparable  severity 
as  the  cyclic  voltammetry  tests  typically  conducted  for  catalyst 
durability  studies.  The  present  studies  thus  demonstrate  that  Ag- 
core/Pt-shell  catalysts  are  possible  candidates  as  cathode  for 
PEMFC. 

4.  Summary 

Carbon-supported  core-shell  catalysts  with  Ag  and  Pt-Co  al¬ 
loys  as  the  core  and  Pt  as  the  shell  were  synthesized  by  a 
displacement  reaction.  The  as-synthesized  Ag-core/Pt-shell  cata¬ 
lysts  were  characterized  by  HRTEM,  EDX  and  XPS.  The  Pt-shell  was 
epitaxially  matched  to  the  Ag  core.  MEAs  were  fabricated  and 
tested.  The  performance  of  the  MEAs  with  Ag-core/Pt-shell  cata¬ 
lysts  was  about  the  same  as  with  Pt-Co-core/Pt-shell  catalysts,  and 
superior  to  the  performance  of  MEAs  made  using  the  as-received 
Pt-Co-catalysts.  Preliminary  ex-situ  studies  showed  that  Ag-core/ 


As-synthesized  Ag@Pt/C  nanocatalyst 
(after  0.5-hr  replacement  reaction) 


(All  images  taken  at  a  TEM  magnification  of  *52,000) 


TEM  micrographs  taken  at  various  spots  of  the  Ag@Pt/C 
after  a  durability  test  in  acidic  PtCI4  (0.1  g/L)  for  10  days 
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Fig.  8.  (a)  A  TEM  micrograph  of  the  as-synthesized  Ag-core/Pt-shell  catalyst  supported  on  carbon,  (b)  Three  TEM  micrographs  of  the  Ag-core/Pt-shell  catalysts  immersed  in  a  PtCl4 
(0.1  g  L-1)  aqueous  solution  for  10  days  at  ~  50-60  °C. 


J.-H.  Koh  et  al  /  Journal  of  Power  Sources  261  (2014)  271—277 


277 


Pt-shell  catalysts  exhibited  negligible  growth  in  10  days  when 
immersed  in  a  Pt  ion  containing  solution.  The  stability  of  Ag-core/ 
Pt-shell  catalysts  is  attributed  to  the  creation  of  a  biaxial  tensile 
stress  in  the  Pt  shell  due  to  the  larger  lattice  parameter  of  Ag 
compared  to  Pt  [18,19].  The  present  work  shows  that  Ag-core/Pt- 
shell  catalysts  are  potential  candidates  as  cathode  for  PEMFC. 
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